A clone, designated L20h-Ts3, was selected by immunoscreening of cDNA libraries of Trichinella spiralis worms collected 14 h, 20 h and 48 h post-infection (p.i.) from mice intestines. L20h-Ts3 encodes the full-length of a conserved hypothetical protein of 13.1 kDa involving putative interaction with the immune system. PCR analysis showed that L20h-Ts3 mRNA is constitutively expressed throughout T. spiralis life cycle and not restricted to intestinal stages. The L20h-Ts3 fusion protein was obtained in an Escherichia coli expression system and purified by Ni-affinity chromatography before inoculation into mice in order to produce polyclonal antibodies. Then, immunohistochemical study and Western blot analysis revealed its presence within the stichosome of T. spiralis and in excretory/secretory products strengthening a putative fundamental role for the parasite's survival such as host tissue invasion or modification of the host muscular cell phenotype. L20h-Ts3 fusion protein was recognized in Western blot as soon as 15-20 days p.i. by sera from pigs experimentally infected with 20,000 muscle larvae (ML) of T. spiralis. Thus, an indirect L20h-Ts3 ELISA was designed and evaluated using sera from experimentally infected pigs by comparison with the only ELISA currently available for trichinellosis purposes. A gain of precocity from 7 up to 14 days and detection up to 25 weeks p.i. was possible with the L20h-Ts3 ELISA offering a large window for trichinellosis detection. The L20h-Ts3 ELISA was less effective in the case of low infections in pigs. Nevertheless, these results show that the L20h-Ts3 ELISA has a real interest due to its precocity and stability of detection in time. The association of the L20h-Ts3 fusion protein with other antigenic proteins identified previously could appreciably improve the serological test and facilitate its standardization.
Introduction
Trichinellosis is a foodborne zoonosis that can infect humans by consumption of raw or undercooked meat from animals infected with larvae of a nematode belonging to digestion of specific muscle tissue samples. The method relies on direct detection of Trichinella's late stage named muscle larvae (ML) (Gajadhar et al., 2009) . Due notably to a delay in appearance and a decrease of specific antibodies in the host, serological tests are not suitable for detecting Trichinella infection in individual animals intended for human consumption (particularly pigs and horses). However, serological methods can be useful for epidemiological survey and monitoring purposes of Trichinella-free holdings in the EU once a test has been validated by the European Union Reference Laboratory as requested by the European Union Council Directive 2075 (European Economic Community, 2005 Teunis et al., 2009) . The only serological test currently available for pig trichinellosis purposes is based on excretory/secretory (ES) antigens from Trichinella spiralis ML. This indirect ELISA provides the best degree of specificity and sensitivity for the detection of Trichinella pig infection up to now but the existence of an early "blind window" of time involves the occurrence of false negative results during the early stages of infection (Gamble et al., 1988) . The sensitivity and precocity of the ES ELISA was shown to be directly correlated with the number of infective larvae and the invasive Trichinella species (Nockler et al., 2005) . Moreover, the presumed easier production and standardization of cloned proteins over the ES antigens (an animal experiment is necessary) has led to identify original antigens that could provide new perspectives on serological detection methods and immunoprophylaxis for livestock and wild animals Wu et al., 2009) . In recent years, a number of T. spiralis antigens have been identified by immunoscreening cDNA expression libraries of the three main antigenic stages of Trichinella's life cycle known as ML, adult worms and newborn larvae (NBL) Liu et al., 2007) . It includes notably a NBL-stage specific serine proteinase , a serine proteinase inhibitor gene (Nagano et al., 2001 ), a gene family encoding glutamic and serine rich proteins (Zarlenga et al., 2002) , a serine proteinase gene . Few studies focused on the possible antigenicity of Trichinella worms aged of less than three days post-infection (p.i.) while it was shown that they are potentially targeted by the host immune system since they are specifically expelled from immunized rats . Besides, four moults occur during this period (Kozek, 1971) with the spreading of several nematode components and a turnover of the external part antigens of the parasite previously demonstrated (Boireau et al., 1997) .
In order to identify intestinal T. spiralis antigens, 14 h as well as 20 h and 48 h p.i. T. spiralis cDNA libraries were established, to cover all the four moults, and immunoscreened with various sera of pigs infected with T. spiralis. Several additional clones encoding highly antigenic proteins were identified and among them, the L20h-Ts3 (Zocevic et al., 2011) . The objective of the present work was to characterize, to confirm the antigenicity of the L20h-Ts3 protein and to use the purified L20h-Ts3 fusion protein to detect specific anti-Trichinella IgG in sera from pigs experimentally infected with Trichinella. For this purpose, an indirect ELISA for an earlier pig trichinellosis detection was designed.
Materials and methods

Preparation of anti-Trichinella serum samples
Serum samples from specific pathogen free (SPF) pigs experimentally infected with 20,000 ML of T. spiralis (ISS003) and T. britovi (ISS002) were used (kindly furnished by Dr Nockler, BfR, Germany) . Serum samples were collected at day 1 after experimental infection up to 25 weeks p.i. Sera from SPF and conventionally reared pigs infected with 20,000 ML of T. spiralis (ISS004) collected at 5, 12, 15, 20, 28 and 60 days p.i. were also tested. SPF and conventionally reared pig sera infected with 200 and 1000 ML of T. spiralis (ISS004) collected at 60 days p.i. were used as well. Infective doses of 200, 1000 or 20,000 ML can induce an average muscle larvae burden, in a 100 kg pig carcass, of 1, 15 or 400 ML per g, respectively (Nockler et al., 2005) . Such doses are observed in endemic area such as Romania using artificial digestion (Blaga, R., personal communication), which detection limit is 1 ML per g of muscle tissue (Webster et al., 2006) .
To determine the cut-off value of the L20h-Ts3 ELISA, sera from 220 pigs known to be Trichinella-free, as determined with the artificial digestion method and ES ELISA serum testing, were analyzed. Of these sera, 170 were from indoor pigs raised in Ille-et-Vilaine department (Brittany, France) and 50 from pigs used as negative controls during various animal experimentations.
PCR analysis of the L20h-Ts3 clone
The expression of the L20h-Ts3 clone during the cycle of T. spiralis, T. nativa, T. pseudospiralis, T. murelli and T. nelsoni ML stage as well as T. britovi 4-day-old adults was evaluated using highly concentrated cDNA libraries previously established (Vayssier et al., 1999; Wu et al., 2004; Trap et al., 2006; Liu et al., 2007; Zocevic et al., 2011) . Primers for detection of the L20h-Ts3 clone were designed as follows: 5 -ATGGCAGTTATGCCTGAAATC-3 (forward), 5 -ATGTCCATAATATGTACATTCAAT-3 (reverse). PCR reactions were performed in a final volume of 50 l. The mix consisted in 25 l of PCR Master Mix 2X (Promega, Madison, USA) (containing TaqDNA polymerase 50 units/ml, dATP 400 M, dGTP 400 M, dCTP 400 M, dTTP 400 M, MgCl 2 3 mM, pH 8.5), 0.625 mol of each primer and 1 l from the different tested cDNA libraries. A positive control was included with the fusion vector used for protein expression, containing the L20h-Ts3 cDNA insert. PCR was performed using the condition of 1 cycle at 94 • C for 2 min, followed by 30 cycles of 94 • C for 30 s, 51.5 • C for 30 s, and 72 • C for 1 min, and 1 final extension of 72 • C for 5 min. After electrophoresis on a 1.5% agarose gel containing ethidium bromide, PCR products were visualized under UV light and sequenced (Qiagen, Hilden, Germany). The 100 bp DNA Ladder (Invitrogen, Cergy Pontoise, France) was used as molecular weight markers.
Production of the L20h-Ts3 fusion protein, GST Sj and ES antigens
The L20h-Ts3 cDNA sequence was amplified (from nucleotide 34 to 351) using the following primers: 5 -CCCCCCGGATCCATGGCAGTTATGCCTGAAATC-3 (forward), 5 -CCCCCCGCGGCCGCCTAATGATGATGATGATGATG ATGTCCATAATATGTACA-3 (reverse). PCR reactions were performed in a final volume of 100 l. The mix consisted in 20 l of 5× Phusion HF buffer with 1 L of Phusion DNA polymerase (Ozymes, Saint-Quentin-en-Yvelines, France), 2 l of dNTP 10 mM (Ozymes, Saint-Quentin-en-Yvelines, France), 0.025 mol of each primer and 1 l of plasmids containing the L20h-Ts3 insert. The conditions used for amplification were 98 • C for 30 s, 25 cycles of 98 • C for 10 s, 55 • C for 30 s, 72 • C for 30 s, 72 • C for 10 min (final extension). Then, PCR products were purified from a 1.5% agarose gel using the QIAquick Gel Extraction Kit (Qiagen, Courtaboeuf, France) and digested with BamHI and NotI (Ozyme, Saint-Quentin-en-Yvelines, France). The BamHI-NotI restriction fragments of the purified plasmid from the L20h-Ts3 clone (from Met-12 to the C-terminal His-117) were subcloned in the same frame as the Schistosoma japonicum Glutathione S-transferase (GST Sj ) reading frame of the pGEX-6P-1 expression vector (GE Healthcare, Waukesha, Wisconsin, USA). Then, the fusion plasmid was transformed into an E. coli BL21 strain (GE Healthcare, Waukesha, Wisconsin, USA) and the expression of a C-terminal polyhistidine-containing fusion protein was induced by adding isopropyl ␤-D-1-thiogalactopyranoside (IPTG) at a final concentration of 0.5 mM for 3 h at 37 • C. The induced cells were centrifuged (4000 × g, 20 min at 4 • C) and kept at −80 • C until use. Cells were suspended in lysis buffer (20 mM Tris-HCl pH 8.0; 150 mM NaCl) supplemented with 0.5 mg/ml lysozyme and disrupted by three freeze/thaw cycles using liquid nitrogen. Then, 5 g/ml of Dnase I were added and the lysate was kept at 37 • C for 15 min before centrifugation (10,000 × g, 30 min at 4 • C). A pre-equilibrated (with lysis buffer) 75% Ni-NTA slurry (GE Healthcare, Waukesha, Wisconsin, USA) was added to the lysate and mixed gently by shaking (on a rotary shaker) for 1 h 30 at 4 • C in a 50 ml centrifugation tube. The lysate-Ni-NTA mixture was loaded into a PD-10 column (GE Healthcare, Waukesha, Wisconsin, USA) to elute non-bound proteins or contaminants, and after that transferred back into a 50 ml centrifugation tube and washed with 50 ml of wash buffer I (20 mM Tris-HCl pH 8.0; 300 mM NaCl) for 30 min at 4 • C (on a rotary shaker). After centrifugation for 5 min at 1500 × g and 4 • C, the mixture was washed four times with 50 ml of wash buffer II (20 mM Tris-HCl pH 8.0; 300 mM NaCl; 30 mM imidazole) for 30 min at 4 • C (on a rotary shaker), followed by centrifugation for 5 min at 1500 × g, 4 • C. Finally, the fusion protein was eluted using the elution buffer (20 mM Tris-HCl pH 8.0; 300 mM NaCl; 500 mM imidazole) and the concentration was measured using a spectrophotometer at 280 nm.
In addition, L20h-Ts3 protein released from the GST Sjtag was prepared by Glutathione Sepharose 4B purification and PreScission protease cleavage according to the manufacturer's instructions (GE-Healthcare, Waukesha, USA).
Briefly, the L20h-Ts3 fusion protein was purified from bacterial lysates by affinity chromatography using glutathione immobilized to a Sepharose matrix. Then, the L20h-Ts3 fusion protein bound was washed and incubated at 4 • C during 4 h with the PreScission protease. Finally, the L20h-Ts3 protein was eluted, while the GST portion and the PreScission Protease remained bound to the Glutathione Sepharose.
The GST Sj was expressed using the pGEX-6P-1 expression vector (GE Healthcare, Waukesha, Wisconsin, USA) without insert and purified using the same protocol as described above.
ES antigens were prepared according to the procedure described by Moskwa et al. (2009) with few modifications. Briefly, T. spiralis ML (ISS004) were incubated in DMEM, 500 units/ml penicillin, 500 g/ml streptomycin, 200 mM glutamine and 100 mM sodium pyruvate for 18 h at 37 • C with 5% CO 2 . The antigenic solution was concentrated using Pierce iCON Concentrators with a 9 kDa cut-off (Thermo Fisher Scientific, Waltham, USA) before dialysis against phosphate buffered saline (PBS) with the Pierce Slide-ALyzer Dialysis trial kit (10 kDa cut-off). Finally, the protein concentration was determined using the Pierce BCA Protein Assay kit and ES antigens were stored at −80 • C as aliquots.
Western blot analysis
Seven hundred nanograms of fusion protein were loaded per well, electrophoresed by SDS-PAGE on 15% tris-glycine gel (Laemmli, 1970) and then blotted onto nitrocellulose membranes. Membranes were blocked overnight at 4 • C with 5% skimmed milk in PBS supplemented with 0.1% Tween-20 (PBS-T), washed three times with PBS-T for 5 min and incubated with the first antibody for 1 h at room temperature (RT). After three washes with PBS-T for 5 min, membranes were incubated with peroxidase-conjugated anti-pig IgG (Sigma-Aldrich, Lyon, France) for 1 h at RT. Finally, membranes were washed three times with PBS-T for 5 min and the peroxidase was developed by chemiluminescence using ECL Plus Western Blotting and Amersham Hyperfilm ECL (GE Healthcare, Waukesha, Wisconsin, USA). The ColorPlus Prestained Protein Marker (Ozymes, Saint-Quentin-en-Yvelines, France) was used as molecular weight markers.
Indirect ELISA and cut-off values
One hundred microliters of purified L20h-Ts3 fusion protein diluted in coating buffer (12 mM sodium carbonate; 35 mM sodium bicarbonate, pH 9.6) were loaded per well (2.5 ng/l) in microtitre plates (Immuno Plates Polystyrene MaxiSorp, Nunc, Rochester, USA) and incubated for 2 h at 37 • C. Then, each well was washed five times with 250 l of washing buffer (0.05% Tween-20; distilled water) and saturated for 30 min with saturation solution (1% gelatine; 0.05% Tween-20; PBS) at 37 • C. After that, each well was washed five times with washing buffer and incubated for 1 h at 37 • C with 200 l of the primary antibody diluted in saturation solution. Then, the washing step was done again and 100 l of a peroxidase-conjugated anti-pig IgG (Sigma-Aldrich, Lyon, France) (1:50,000 dilution in saturation solution) were loaded per well and incubated for 1 h at 37 • C. After thorough washing, 100 l per well of 3,3 ,5,5 TetraMethylBenzidine (TMB, Zymed, Carlsbad, California, USA) were used as a chromogenic agent during 10 min in dark. The reaction was stopped using 50 l of 12.5% sulfuric acid and read at 450 nm using a Labsystems iEMS Reader MF microtitre plate reader with Ascent 2.6 software (Thermo LabSystems, Waltham, USA). The optimal conditions for the L20h-Ts3 ELISA were determined with the non-parametric Wilcoxon-Mann-Whitney test (for two independent samples) using the StatXact software (Cytel Inc., Cambridge, USA). The cut-off value was calculated on the basis of the average OD of negative serum samples plus three standard deviations .
The ELISA based on L20h-Ts3 fusion protein was compared to a commercial ES ELISA (Pourquier ® ELISA Trichinella Serum Screening, Institut Pourquier, Montpellier, France) as an assessment over the same pig serum samples run in duplicate and averaged. The S/P % is defined as follows: (O.D. 450 value of the sample/O.D. 450 value of the positive control) × 100.
2.6. Immunolocalisation 2.6.1. Preparation of anti-L20h-Ts3 fusion protein, anti-ES and anti-GST Sj serum samples Polyclonal antibodies against L20h-Ts3 fusion protein with and without the GST Sj -tag, ES products of T. spiralis ML and GST Sj were produced in OF1 female mice (Charles River Laboratories, l'Arbresle, France). Each group of five mice received a subcutaneous injection into the abdomen with 10 g/ml of protein complemented with a mineral oil-based adjuvant (Montanide ISA 70 VG, Seppic, Puteaux, France) followed by a booster injection after 28 days. Two mice without injections were used as negative control. Blood samples were taken prior and at 42 days after primoinjection. The serum was extracted by two centrifugations at 1200 × g for 5 min and stored at −20 • C as aliquots.
Immunohistochemistry
Larvae collected at 20 h p.i., 5-day-old adults and ML of T. spiralis (collected between 6 and 8 weeks p.i.) were first washed with PBS. Then, 3000 worms were embedded in Optimal Cutting Temperature compound (CellPath, Powys, Great Britain) and frozen at −40 • C for 10 min. Thin sections (6 m) were cut from tissue blocks onto Superfrost slides (Gerhard Menzel GmbH, Braunschweig, Germany) and airdried. Frozen sections were fixed in ice-cold acetone for 30 min, dried at RT, sealed and then stored at −20 • C until use.
For immunofluorescence staining, sections were air dried for 15 min, washed one time with PBS and incubated with PBS/Saponin 0.075% for 15 min at RT. After two washes with PBS, sections were treated with antibody directed against L20h-Ts3 fusion protein, ES antigens (positive control) or normal mouse sera (negative control) diluted at 1/20 for 2 h at RT. Sections were then washed twice with PBS, incubated with goat anti-mouse IgG conjugated with Alexa Fluor 488 (Ozyme, Saint-Quentinen-Yvelines, France) at a dilution of 1/1500 for 45 min at RT and washed twice with PBS. After removal of PBS, each section was covered with ProLong Gold Antifade Reagent (Invitrogen, Carlsbad, USA). After 24-48 h, sections were observed under a fluorescence microscope (DMI 4000 B. Leica Microsystems, Wetzlar, Germany) at a wavelength of 480 nm. Positive reactivity was associated with a green colour.
Results
Molecular characterization of the L20h-Ts3 clone
Primary screening of T. spiralis cDNA expression libraries of 14 h, 20 h and 48 h p.i. worms with serum and culture supernatant from intestinal mucosa (Picherot et al., 2007) of pigs infected with T. spiralis resulted in 41 positive identical clones fully sequenced (Zocevic et al., 2011) . The resulting consensus nucleotide sequence corresponded to the longest clone named L20h-Ts3 that was selected for further investigation. Clone L20h-Ts3 consisted of 398 bp, including 33 bases of 3 -untranslated region with a putative polyadenylation signal (AATAAA) and a poly-A tail of 19 nucleotides (Fig. 1) . The sequence of the predicted open reading frame encoded a protein of 117 amino acid (AA) residues, with a molecular mass of 13,180.7 Da and an isoelectric point of 4.21. A signal peptide of 20 AA was predicted based on the algorithm determined by Bendtsen et al. (2004) . The hydrophobic scale based on the Kyte and Doolittle algorithm showed that hydrophilic AA mainly composed the deduced protein sequence. Database analysis revealed that the L20h-Ts3 protein (GenBank accession no. CBX25709) encoded the full-length of a conserved hypothetical protein (GenBank accession no. XP 003369608) (Mitreva et al., 2011) and shared 92% of identity with a T. spiralis SML-3 protein located in dark granules within the ␤-stichocytes (GenBank accession no. ACJ06741) (Guiliano et al., 2009) (Fig. S1 ).
Analysis of the L20h-Ts3 mRNA expression, protein antigenicity and immunolocalisation
The L20h-Ts3 mRNA was identified by PCR on cDNA libraries covering all T. spiralis stages: ML (L1 stage), 14 h (mainly L2 stage) and 20 h (L3/L4 stages) p.i. worms (Zocevic et al., 2011) , 2-and 3-day-old adults, NBL (Fig. 2,  lanes 1-6) . The PCR product sequences from T. spiralis cDNA libraries, obtained using the L20h-Ts3 primers, showed 100% of identity with the L20h-Ts3 nucleotide sequence identified by immunoscreening. The L20h-Ts3 nucleotide sequence showed less identity with other mRNA in databases confirming the specific amplification of the L20h-Ts3 gene. Homologous mRNA were also detected in T. nativa (lane 8), T. murelli (lane 11) and T. nelsoni (lane 12) ML and in T. britovi 4-day-old adults (lane 9) using the same protocol. No amplification was observed with the T. pseudospiralis ML cDNA library (lane 10) suggesting a divergence in the target nucleotidic sequence. Search for homology within expressed sequence tag (EST) databases for T. pseudospiralis revealed 81% of nucleotide sequence homology with a clone named TpNBL007233 (GenBank accession no. FG354493). The absence of amplification of the L20h-Ts3 clone in cDNA library of T. pseudospiralis ML resulted from nucleotidic changes noticed where the primers should have hybridized (Fig. S2) .
The L20h-Ts3 cDNA sequence was cloned in an expression vector and expression was performed in E. coli. The resulting GST Sj -L20h-Ts3 His-tagged fusion protein was obtained in a soluble form allowing purification under native conditions with a nickel column. The SDS-PAGE profile of the purified L20h-Ts3 fusion protein showed one thick band at the theoretical molecular weight of 37.9 kDa with minor non-specific bands of lower sizes (Fig. 3) . The fusion protein was recognized by Western blot using serum samples of pigs experimentally infected with 20,000 T. spiralis ML collected at 15, 20, 28 and 60 days p.i. (Fig. 4A) . Lower size bands were not recognized suggesting they are residual E. coli proteins. Besides, the L20h-Ts3 fusion protein was recognized by mouse anti-ES sera (Fig. 4B) confirming the expression of the gene in Trichinella's secreting organ. In addition, a band corresponding to the theoretical size of the L20h-Ts3 protein (13.1 kDa) was recognized in ES antigens when using serum from mice immunized with the L20h-Ts3 protein released from the GST Sj -tag (Fig. S3) .
The purified L20h-Ts3 fusion protein was used to immunize mice in order to produce specific antiserum. The resulting mouse sera were first tested by Western blot with the purified GST Sj -L20h-Ts3 fusion protein. One major band was recognized with two additional minor bands (Fig. 4C) . Then, indirect immunofluorescence was performed on cross cryostat sections of T. spiralis ML with the anti-GST Sj -L20h-Ts3 sera. Intense staining was found within an internal structure that corresponds to the stichosome of T. spiralis (Fig. 8) . This staining was also observed on cryostat sections of 20 h p.i. worms and 5-day-old adults. Other regions of the worms may exhibit some fluorescence but at a considerably lower intensity. Cuticle is visible at the larvae and adult stages by immunofluorescence. No positive staining was observed with the anti-GST Sj and normal mouse sera (data not shown).
Evaluation of the L20h-Ts3 fusion protein in an ELISA in comparison with the ES antigens
The optimal conditions for the L20h-Ts3 ELISA were established by testing reference serum samples at dilutions of 1:10, 1:100, 1:300 combined with various quantities of the purified L20h-Ts3 fusion protein (from 250 ng to 1 g). Using the Wilcoxon-Mann-Whitney test, the greatest significant difference in optical density (OD) between positive and negative serum sample values was obtained at a serum dilution of 1:10 with 250 ng of L20h-Ts3 fusion protein (data not shown). These conditions were used for all subsequent analyses. The cut-off value of 0.33 was established using 220 negative reference pig sera samples (Fig. 5) .
In pigs experimentally infected with 20,000 T spiralis ML, specific IgG were detectable as soon as 15 days p.i. for 1/6 pig and 20 days p.i. for 4/6 pigs (Fig. 6A) . Results were different depending on the sanitary status of the pigs. Indeed, SPF pigs were detected positive earlier than conventionally reared pigs. As a comparison, the ES ELISA did not permit detection of infected pigs before 25 days p.i. Optical density values in ELISA using L20h-Ts3 fusion protein of 220 negative reference pig sera samples. (Fig. 6A) . The seroconversion comes along with a profile of humoral immune response having high titres and maintained up to 12 weeks p.i. for 1/3 pig and 25 weeks p.i. for 2/3 pigs infected with T. spiralis (Fig. 7A) . Seroconversion was observed a week earlier by comparison with the reference ES ELISA for one pig (Fig. 7B) underlining the early antigen status of the L20h-Ts3 protein.
In pigs infected with 20,000 T. britovi ML, specific IgG were detectable from 3 up to 25 weeks p.i. (Fig. 7C) . The kinetics of IgG observed was similar with the ES ELISA. A gain of precocity of 1 up to 2 weeks was observed compared to the reference test (Fig. 7D) .
Moreover, 3/6 pigs with a moderate dose (1000 ML, T. spiralis) were positive at 60 days p.i. (Fig. 6B) . Once again, results were different depending on the sanitary status of the pigs. Indeed, 2/3 SPF pigs and 1/3 conventionally reared pigs were positive. However, no pig infected with a low dose (200 ML, T. spiralis) was positive at 60 days p.i.
Discussion
The L20h-Ts3 clone was identified by immunoscreening of cDNA libraries from pre-adult and young adult T. spiralis worms (Zocevic et al., 2011) . L20h-Ts3 is constitutively expressed (at the mRNA and protein levels) throughout the entire T. spiralis life cycle from L1/L4 stages to adult and NBL stages. The L20h-Ts3 mRNA was also identified in other encapsulated Trichinella species and the sequencing Fig. 6 . Optical density values in ELISA using L20h-Ts3 fusion protein of SPF and conventionally reared pig sera infected with 20,000 (A), 1000 or 200 ML (B) of T. spiralis. A: sera were collected at 5 (pigs 1-3), 12 (pigs 4-6), 15 (pigs 7-9), 20 (pigs 10-12) and 60 (pigs 13-15) days p.i. The window where the detection is not possible when using the ES ELISA is presented in grey. B: pigs 1-3 or 4-6 were infected with 200 or 1000 ML of T. spiralis, respectively. of the homologous gene for T. nativa, T. britovi, T. murelli and T. nelsoni revealed a strong conservation (more than 90% of homology at the nucleotidic level) (data not shown). The amplification of cDNA from T. pseudopiralis ML by PCR using L20h-Ts3 conserved primers failed. However, a related nucleotide sequence (GenBank accession no. FG354493) was identified in the T. pseudospiralis EST database. The deduced AA sequence showed 72% of identity with the L20h-Ts3 protein. Thus, the L20h-Ts3 gene is found in the most representative Trichinella species. Guiliano et al. (2009) analyzed T. spiralis EST and described new proteins secreted by T. spiralis ML. Amongst them, the SML-3 protein showed 92% of identity with the L20h-Ts3 deduced AA sequence and is only transcribed in adult and ML but not in NBL of T. spiralis. As the authors underlined, they found eight related sequences to SML-3 and as L20h-Ts3 is transcribed in various Trichinella species at the NBL stage, the L20h-Ts3 protein is proposed as another member of the SML-3 family. The function of these secreted proteins is not clarified but they could play a role in the intra-cellular development of Trichinella and probably as soon as the intestinal phase, as their antigenicity is detected very early.
Immunohistochemical study revealed the presence of the L20h-Ts3 protein within the stichosome of T. spiralis worms. A similar immunofluorescent pattern was obtained previously using the monoclonal antibody 1C7e4, which recognizes Trichinella antigens belonging to the group 10 (Boireau et al., 1997) . These cross-reacting antigens were found to be members of ES products, located in the stichosome and highly soluble. Besides, the L20h-Ts3 fusion protein is well recognized by anti-ES sera in Western blot confirming the possible integration of the L20h-Ts3 protein into the group 10 of Trichinella antigens. Moreover, a band corresponding to the theoretical size of the L20h-Ts3 protein was recognized in ES antigens when using serum from mice immunized with the L20h-Ts3 protein released from the GST Sj -tag.
Analysis of the L20h-Ts3 protein predictive structure revealed a high proportion of hydrophilic AA, which are preferentially exposed to the protein surface and potentially in contact with the immune system (Almeida et al., 2011) . The L20h-Ts3 protein antigenicity was confirmed by Western blot and for that reason an indirect ELISA based on the L20h-Ts3 fusion protein was evaluated and compared to the reference ES ELISA for trichinellosis purposes. Both ELISA showed a similar diagnostic sensitivity (for highly infected pigs) and specificity while the L20h-Ts3 ELISA offers a gain of precocity from 1 to 2 weeks reducing the blind window of time during the early stages of infection observed with the ES ELISA. The L20h-Ts3 ELISA also allowed detection of late infection in pigs tested making it a valuable antigen to improve directly the ES ELISA. Interestingly, the results obtained by Western blot and indirect ELISA using the L20h-Ts3 fusion protein correlate well although slight differences for pigs experimentally infected with 20,000 T. spiralis ML. Indeed, the diminution of the anti-L20h-Ts3 antibody response observed by Western blot was also observed by ELISA for 1/3 pig (at 60 days or 8 weeks p.i.) although other pigs showed high reactivity to the antigen by ELISA. This could be explained by the antibody response to Trichinella infections that may vary between pigs for a same infective dose and during time for a same pig (Wee et al., 2001; Nockler et al., 2005) . In addition, results were different depending on the sanitary status of the pigs tested as SPF infected pigs were detected positive earlier than conventionally reared pigs. Similar results were obtained in a previous study using the ES ELISA (Nockler et al., 2005 ). An hypothesis could be that the pig ability to respond rapidly to an infection depends on the nature of prior exposures. A study showed that animals subjected to different management regimes, engendering different enteric flora, would vary in their subsequent ability to adapt rapidly their response to experimental parasitic challenge (Theodoropoulos et al., 2005) . As a consequence, since conventionally reared pigs are more exposed than SPF pigs to a large range of pathogen infections (Itoh et al., 1993; Gebreyes et al., 2008) possibly involving Th1 profiles, their immune system might be less efficient in establishing an anti-Trichinella protective Th2 response (Vallee, I., personal communication). Another hypothesis could be that pig race influences the immune response to Trichinella infections through genetic linked resistance (Lunney and Murrell, 1988; Madden et al., 1990) and the ability to promote earlier a Th2 response (Grencis et al., 1991) . Regarding middle (1000 ML) and low (200 ML) infections, the sensitivity of the L20h-Ts3 ELISA (3/12 infected pigs positive) is lower than that of the ES ELISA (12/12 infected pigs positive) for the tested pigs. Furthermore, 2/4 pigs experimentally infected with 20,000 ML of T. nativa or T. pseudospiralis were detected positive with the L20h-Ts3 ELISA from 5 up to 10 days earlier compared to the ES ELISA (data not shown). The L20h-Ts3 ELISA capacity to detect the four main Trichinella species found in Europe (Pozio, 2000) are consistent with an antigenic conservation (i.e. immunogenicity) of the L20h-Ts3 protein in the Trichinella genus, therefore bringing to light its good value for the detection of trichinellosis infections. Moreover, the early detection of Trichinella infections could help to treat as early as possible contaminated human and reduce muscle damage due to ML (Pozio et al., 2001) . The later the treatment is prescribed, the higher the probability that the infected person will harbour viable larvae in their muscles for years, with possible persistent myalgia (Dupouy-Camet et al., 2002) . In consequence, the L20h-Ts3 ELISA could potentially find applications for human Trichinella detection.
Serological tools are of major interest for monitoring Trichinella-free status herds and wild life surveillance (European Economic Community, 2005; Richomme et al., 2010) . The ES ELISA gives the best degree of sensitivity and specificity for the detection of Trichinella infection in domestic pig population ). However, its predictive value for Trichinella infection in wild animals is difficult to evaluate due to possible polyparasitism leading to cross-reactions with other pathogen's antigens (Aronstein et al., 1986; Pathak et al., 1994; Gamble et al., 2004) . The use of immunodominant epitopes highly conserved in the Trichinella genus could improve the specificity of the ELISA and the results obtained here showed that the L20h-Ts3 protein might be relevant to this issue. In this study, the L20h-Ts3 ELISA was evaluated using serum from pigs experimentally infected with Trichinella species. Unfortunately, its specificity was not evaluated due to the non-availability in our laboratory of serum from animals infected with other nematodes or cestodes. Interestingly, search on protein sequence databases revealed that the L20h-Ts3 protein has no identity with any protein identified in other nematodes or cestodes. In order to partially answer this question, the L20h-Ts3 ELISA will be evaluated with serum samples from wild boar (Sus scrofa) with a known sanitary status and experimentally infected with T. spiralis and T. britovi (Lacour et al., 2013 ).
According to the literature, several studies focused on the development of an indirect ELISA based on a single recombinant protein for the detection of trichinellosis from animal serum (Zarlenga and Gamble, 1990; Niu et al., 2005; Jung et al., 2007; Wang et al., 2009 ). However, the ES ELISA remains the only serological test available for trichinellosis purposes. L20h-Ts3 is the first protein that allows the detection of specific anti-Trichinella antibodies as soon as 15 days p.i. and up to 20 weeks p.i. in pigs infected with 20,000 T. spiralis and T. britovi ML. Previously, immunoscreening of cDNA libraries from early Trichinella stages allowed us to identify additional gene coding for antigenic proteins such as NBL1 or 411 Liu et al., 2007) . Thus, the association of the L20h-Ts3 antigen with NBL1 and/or 411 epitopes is currently under development to improve the sensitivity, specificity as well as the precocity of an ELISA test based on recombinant antigens to detect pig trichinellosis.
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